Mitochondria are implicated in a variety of neurodegenerative conditions including aging, Parkinson\'s disease, Huntington\'s disease, multiple sclerosis and Alzheimer\'s disease. A prime function of mitochondria is to reduce oxygen to water during oxidative phosphorylation to produce adenosine tri-phosphate (ATP). Altered levels of oxygen are detected by the mitochondrion and communicated to the cell as a whole via reactive oxygen species (ROS).^[@bib1],\ [@bib2]^ The vast majority of tissue culture is currently conducted in incubators with an oxygen tension matching that of atmospheric oxygen levels (21%). However, this is much greater than the oxygen levels experienced *in vivo*. Although exposure to lower physiological oxygen conditions (2--5%) has been documented to increase survival, proliferation and dopaminergic differentiation of cultured neurons,^[@bib3],\ [@bib4],\ [@bib5]^ most experiments continue to be done predominantly at atmospheric oxygen levels. This transcends the nervous system as it has been found that immune cells, when cultured at physiological oxygen, exhibit markedly altered responses to stimuli.^[@bib6],\ [@bib7]^

One disconcerting phenomenon associated with persistent human immunodeficiency virus (HIV) infection is neurodegeneration. Though HIV-associated dementia and encephalitis have decreased with successful treatment of HIV by combination antiretroviral therapy, cognitive deficits still occur within otherwise healthy HIV-infected individuals^[@bib8],\ [@bib9]^ have been revealed. Prime candidates for inducing neuronal dysfunction are viral proteins, as production of early viral products can persist even in the presence of therapy and absence of productive viral replication.

One such protein, the trans-activator of transcription (Tat), activates transcription of the viral genome with other well-documented functions, and has been shown to be neurotoxic^[@bib10],\ [@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18]^ and cause both mitochondrial hyperpolarization and depolarization.^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^ Interestingly, examination in immune cells studied under various tissue culture oxygen levels revealed that Tat was toxic to lymphocytes cultured in atmospheric oxygen, but stimulated cells cultured at physiologically relevant oxygen.^[@bib24]^

Another viral protein, the 'negative regulation factor\' (Nef), can be transferred to uninfected cells^[@bib25],\ [@bib26],\ [@bib27],\ [@bib28]^ and released into the extracellular environment.^[@bib29],\ [@bib30]^ Nef has also been shown to be toxic to a variety of cell types in brain,^[@bib31],\ [@bib32],\ [@bib33]^ and found to increase ROS production, depolarize mitochondria, and increase activated caspase production in astrocytes cultured under hypoglycemic conditions.^[@bib34]^

Here, we investigated the influence of tissue culture oxygen levels in neurotoxicity of HIV viroproteins in primary rat striatal neurons (RSNs). Although levels of ROS production induced by Tat were similar regardless of oxygen levels, effects of Tat on mitochondrial polarization and neuron survival depended critically on oxygen levels, perhaps contributing to divergent results reported by others and with important ramifications for the mechanism of toxicity. Similarly, Nef treatment increased ROS production regardless of oxygen level, but resulted in mitochondrial depolarization and increased cell death only in neurons cultured under physiological oxygen conditions.

Results
=======

Mitochondrial polarization changes with tissue culture oxygen levels
--------------------------------------------------------------------

Mitochondrial polarization is a critical measure of mitochondrial function and was determined using ratiometric JC-1 imaging. In the presence of high membrane potential, JC-1 forms dimers and the fluorescence shifts from green to red. By assessing the ratio of the red to green fluorescence, mitochondrial potential can be compared between samples with the higher ratio corresponding to a higher mitochondrial membrane potential. The images in [Figure 1](#fig1){ref-type="fig"} clearly indicate that the highest mitochondrial potential in primary RSNs occurred in the 2% oxygen culture condition. The mitochondrial polarization values ranged from 1.33 under uncoupling conditions neurons to 3.8 for neurons cultured in 2% oxygen. These results can be seen in [Figure 2a](#fig2){ref-type="fig"}. As such the optimal oxygen level was 2% as determined by the maximum mitochondrial membrane potential because high mitochondrial potential indicates a greater capacity for ATP production. These results were easily repeatable in three biological replicates.

Mitochondrial ROS production rates vary with tissue culture oxygen levels
-------------------------------------------------------------------------

Dihydrorhodamine 123 is a fluorophore that is localized to mitochondria and fluoresces only upon oxidation and as such can be used to make comparative measures of the rate of ROS production. The ROS production rate was greatest for the neurons cultured in 5% oxygen (0.18 ADU/min). Lower values were obtained in the atmospheric condition with an ROS production rate determined to be 0.07 ADU/min, and the lowest (0.002 ADU/min) in the neurons cultured at 2% oxygen as shown in [Figure 2b](#fig2){ref-type="fig"}. As high levels of ROS are damaging to cells, these results indicate that in terms of minimizing ROS production culturing RSNs at 2% oxygen is the most favorable.

Mitochondrial morphology and abundance differ according to tissue culture oxygen levels
---------------------------------------------------------------------------------------

Mitotracker Red CM-H~2~XRos was used to label functional mitochondria in neurons to investigate changes in the mitochondrial distribution and morphology ([Figure 3](#fig3){ref-type="fig"}). Although many parameters of shape and size could be analyzed, we have chosen to focus on network size, denoting the average size of the extensive mitochondrial networks in the neurons, perimeter, representing the outline of the networks, and fraction, which indicates the proportion of the area of the image occupied by the mitochondria.

The network size is maximal (1066 pixels) in neurons cultured at 2% oxygen, and decreases to 630 pixels in RSNs cultured at 5% oxygen and again to 321 pixels in neurons cultured in atmospheric oxygen ([Figure 3d](#fig3){ref-type="fig"}). The area fraction and perimeter both follow the same decreasing trend. As shown in [Figure 3e](#fig3){ref-type="fig"}, the area fraction constituted 30% in neurons cultured at 2% oxygen but dropped to 22% cultured in atmospheric oxygen. For the perimeter ([Figure 3f](#fig3){ref-type="fig"}), neurons cultured in 2% oxygen were maximal at 290 pixels, whereas this dropped to 172 pixels at atmospheric oxygen. These results agree with those seen in transmission electron microscopy images ([Figure 4](#fig4){ref-type="fig"}) where at 2% oxygen the mitochondria were seen as having the greatest length and elongated shapes, whereas those cultured in atmospheric oxygen tended to be shorter in length with a higher proportion of rounded mitochondria.

Mitochondrial polarization changes with Tat treatment
-----------------------------------------------------

As the neurotoxic effects of Tat are well studied, but mechanistic explanations are quite diverse and sometimes contradictory, we first examined the effects of Tat on mitochondria from primary neurons cultured under physiological (2%) and atmospheric (21%) oxygen. As above, the baseline polarization ratio of the controls for the untreated 2% oxygen cultures is significantly higher than that of the atmospheric conditions ([Figure 5a](#fig5){ref-type="fig"}).

When treated with Tat (100 ng/ml), there was a significant (*P*\<0.01) hyperpolarization of mitochondria in neurons cultured in atmospheric oxygen more than doubling the polarization ratio from 1.6±0.2 in controls to 3.8±0.5 with Tat treatment ([Figure 5a](#fig5){ref-type="fig"}). In contrast, neurons cultured in 2% oxygen level underwent significant (*P*\<0.05) mitochondrial depolarization with Tat treatment, here more than halving the polarization ratio from controls with a 4.3±0.2 ratio to 1.6±0.1 with Tat treatment ([Figure 5a](#fig5){ref-type="fig"}).

ROS production increases following Tat treatment
------------------------------------------------

In [Figure 5b](#fig5){ref-type="fig"} an increase of ROS is clearly indicated by the heightened rate of fluorescence increase in neuronal cultures treated with 100 ng/ml Tat for both 2% oxygen and atmospheric oxygen conditions. The increase is significantly (*P*\<0.01) greater for the case of 2% oxygen than for the cultures maintained in atmospheric oxygen. However, this result appears to be primarily the result of the lower ROS production rate observed in the 2% oxygen culture untreated condition compared with the untreated atmospheric oxygen cultures, as there is not a statistically significant difference in the rates of ROS production for the Tat-treated cultures.

Thus, our work reveals disparate findings regarding the effects of Tat on neurons. Using parallel cultures under different oxygen conditions, non-physiological atmospheric conditions led to hyperpolarization in response to Tat, whereas with physiological oxygen depolarization occurred. In both the oxygen conditions ROS production increased, however, the magnitude of the changes is different for the two cases examined here.

Mitochondrial polarization changes with Nef treatment under different oxygen conditions
---------------------------------------------------------------------------------------

Having demonstrated our ability to find different cellular responses to the virotoxin Tat depending on physiological or non-physiological oxygen conditions, we then turned our attention to Nef. Although Nef is less well studied for its neurotoxic properties, the effects of Nef on infected and uninfected cells has gained significant importance with the recent demonstration of the mechanisms of efficient Nef secretion from infected cells and uptake by uninfected cells and its intracellular transfer from infected to uninfected cells. These both lead to striking *in vitro* and *in vivo* effects on a number of cell types and physiological systems.^[@bib26],\ [@bib27],\ [@bib28],\ [@bib29],\ [@bib30]^

We first treated cultures with Nef as well as heat-inactivated Nef as a control. In neuronal cultures maintained in atmospheric oxygen cultures treatment with 100 ng/ml Nef ([Figures 6a, b](#fig6){ref-type="fig"} and [7a](#fig7){ref-type="fig"}) did not change polarization ratios. In contrast, in cultures maintained at physiological 2% oxygen, the mitochondrial polarization ratio was significantly (*P*\<0.0001) decreased for the Nef-treated neurons ([Figure 6c](#fig6){ref-type="fig"}) compared with the heat-inactivated Nef-treated neurons ([Figure 6d](#fig6){ref-type="fig"}) as can be seen in [Figure 7a](#fig7){ref-type="fig"}. The control polarization ratio was 3.8±0.6, dropping to 0.99±0.06 with active Nef.

Mitochondrial ROS production increases with Nef treatment
---------------------------------------------------------

Similar to the results seen with Tat treatment, the rate of mitochondrial ROS production increased upon treatment with Nef for neurons cultured in both 2% oxygen and atmospheric oxygen ([Figure 7b](#fig7){ref-type="fig"}; [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) when compared with their heat-inactivated Nef controls. The ROS production rates did not vary significantly between the Nef-treated cultures of either oxygen condition, though the basal rates were an order of magnitude lower (0.0004±0.0002 arb/min) for the 2% oxygen controls than for the atmospheric (0.007±0.002 arb/min), indicating a greater increase in ROS production for cells cultured at 2% oxygen when treated with Nef.

Both Tat and Nef decrease ATP levels in neurons cultured at physiological oxygen concentrations
-----------------------------------------------------------------------------------------------

As we found difference with both Tat and Nef effects on mitochondria due to oxygen conditions, we next assessed their effects on the primary function of mitochondria, production of ATP. Magnesium (Mg) Green fluoresces when bound to Mg^2+^. As ATP binds Mg^2+^ more strongly than adenosine di-phosphate (ADP), Mg Green imaging can be used to infer changes in the ATP/ADP ratio over time. As shown in, the normalized ratio of Mg Green fluorescent rates was vastly greater in the 2% oxygen cultures following Tat or Nef treatment than in the atmospheric cultures ([Figure 8a](#fig8){ref-type="fig"}). As ATP binds Mg more efficiently than ADP, the increased free Mg suggests the possibility of more dramatically decreased ATP production in the neurons cultured in 2% oxygen condition upon exposure to Tat or Nef.

Using the luciferase assay as a direct measure of the ATP concentration, we determined that there was a significant (*P*\<0.01) increase in the amount of ATP from 191±3 nmol/10 000 cells to 253±16 nmol/10 000 cells following 8 h of treatment with 100 ng/ml Nef in atmospheric oxygen ([Figure 8b](#fig8){ref-type="fig"}) and no significant change upon treatment with Tat. For the neurons cultured in 2% oxygen, however, the concentration of ATP significantly (*P*\<0.05) decreased from 200±6 nM/10 000 cells to 184±2 nM/10 000 cells with an 8-h treatment with 100 ng/ml Nef. Strikingly, there was a dramatic change found upon treatment of neurons cultured in 2% oxygen with 100 ng/ml Tat where ATP concentration dropped to 168±6 nmol/10 000 cells following treatment with Tat.

Increased cell death observed in neurons treated with Tat and Nef cultured at physiological oxygen
--------------------------------------------------------------------------------------------------

Calcein/propidium iodide (PI) staining is a valuable tool used to determine the viability of cultured cells. Calcein is taken up by the cells but is fluorescent only when acted on by esterases and indicates enzyme activity considered to be a marker of healthy cells. PI is a membrane-impermeable dye that labels DNA, and as such cells exhibiting PI fluorescence have lost membrane integrity and are considered to be dead or dying. Neurons cultured in atmospheric oxygen and treated with Nef exhibited a significant (*P*\<0.01) increase in cell death only when treated with the highest level (100 ng/ml) of Nef compared with heat-inactivated controls ([Figure 9a](#fig9){ref-type="fig"}), and none at all upon treatment with any concentration of Tat. However, neurons cultured in physiological 2% oxygen exhibited a dose-dependent response to Tat and Nef even in cultures treated with as little as 25 ng/ml of Tat or Nef ([Figure 9b](#fig9){ref-type="fig"}).

Discussion
==========

It is clear from our results that the unchallenged state of the mitochondria in primary neurons differs depending on the oxygen conditions during cell culture. This is not unreasonable given the delicate balance that must be maintained in order to maximize energy production and minimize the damage from ROS in mitochondria. Our results indicate that there is a state in which maximal mitochondrial function is achieved with minimal ROS production, maximal energy capacity and increased mitochondrial network size and the fraction of the cell occupied by mitochondria. As the result is in the range of oxygen levels expected in the striatum of the rat brain,^[@bib35]^ it seems reasonable to conclude that the optimal mitochondrial conditions correspond most closely to the native state of the mitochondria *in vivo*.

The use of less than atmospheric oxygen in culture can raise the question of a hypoxic threshold. It is reasonable to expect that there exist different optimal oxygen levels for the cells derived from different sources corresponding to their natural oxygen level in the organism. In our case 2% oxygen is within the range of oxygen levels expected in the striatum of the rat brain. Although decreased polarization of mitochondria and increased ROS production are typically noted in studies of hypoxia,^[@bib36],\ [@bib37]^ the opposite was observed in the RSNs cultured in 2% oxygen. Taken together with our other results make it highly unlikely that the 2% oxygen culture condition represents a hypoxic case for these particular primary cells.

For Tat, determining the mechanism of toxicity of this HIV-associated protein has generated a large amount of data that has been contradictory at times. Tat has been shown to both hyperpolarize and depolarize mitochondria,^[@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^ and we have clearly shown that this is indeed the case for RSNs that have been cultured in differing oxygen conditions. Although the hyperpolarization result has become more accepted in recent literature, this result may not have physiological relevance as indicated by the depolarization of neurons cultured in 2% oxygen, which is similar to the neuron\'s *in vivo* environment. It is important to note that culture oxygen is not likely the cause of the divergent results reported by others; however, our results clearly indicate that perturbations in the culture conditions can dramatically alter the response of neuron mitochondria to Tat.

Although ROS production rates were increased by Tat treatment in both the cells cultured at 2% oxygen and atmospheric oxygen, the increase was more dramatic in the cells cultured in 2% oxygen. Coupled with the loss of ATP production (see [Figure 9](#fig9){ref-type="fig"}) resulting from such dramatic loss of mitochondrial potential, the ROS production could thus be extremely detrimental under these more physiological conditions. It is also important to note that the increase in ROS production may be derived from disruptions of oxidative phosphorylation resulting in increased production of ROS rather than an unrelated effect of Tat for both the cases of hyperpolarization and depolarization. Taken together, it appears that neurons are more strongly affected by Tat than previous studies have led us to believe, and that mitochondrial dysfunction may further complicate other processes already noted to be involved in Tat-related toxicity in neurons. However, this mechanism requires that the initial response of neurons to Tat remains the same regardless of the oxygen conditions, which has not been proven at this point.

Owing to the recent burst of finding on the effects of Nef on uninfected cells,^[@bib18],\ [@bib29]^ the demonstration of the physiological secretion of Nef from infected cells,^[@bib29],\ [@bib30]^ and the relative paucity of studies on Nef and neurons,^[@bib38]^ we then focused our studies on Nef. For Nef there was no effect of the protein on the polarization of mitochondria in neurons cultured in atmospheric oxygen, but the decrease of potential in the 2% oxygen neuron cultures was equal to that of neurons treated with 10 *μ*M carbonyl cyanide *m*-chlorophenylhydrazone ([Figure 2](#fig2){ref-type="fig"}) to cause uncoupling of oxidative phosphorylation. This level of mitochondrial uncoupling usually results in gradual cell death if maintained for prolonged periods. It is possible that the observed cell death can be attributed directly to the loss of ATP production that occurred with the dramatic loss of mitochondrial membrane potential experienced by Nef-treated cultures maintained in 2% oxygen levels. Although the mechanism of this cell death was not directly studied, during calcein/PI imaging, condensation of chromatin and evidence of apoptotic bodies were observed (data not shown), indicating that apoptosis is the likely manner of neuron death resulting from Nef treatment.

As we observed little or no cell death in the atmospheric oxygen cultures treated with Nef and Tat compared with the 2% oxygen cultures while ROS production increased in both culture conditions, it is reasonable to conclude that ROS production is not solely responsible for the Nef-induced toxicity observed in the 2% oxygen cultures. Rather it is more likely that the increased ROS is more detrimental because of the decreased ATP levels resulting from Nef treatment that is critical in repair and replacement of damaged lipids and proteins. As the neurons cultured in atmospheric oxygen exhibited increased ATP levels, it is likely that these cells had the energy capacity necessary to make needed repairs to damaged proteins and organelles preventing cell death. Therefore, one proposed mechanism for the Nef-induced toxicity is that decreased energy production resulting from mitochondrial depolarization by Nef results in a reduced capacity to repair proteins damaged by increased levels of ROS and results in eventual apoptosis only in the case of neurons cultured in 2% oxygen ([Figure 10](#fig10){ref-type="fig"}).

One caveat that applies to functional imaging studies is that there are potential issues with the dye used. In the case of JC-1 permanent dimerization has sometimes been noted in the literature. Upon uncoupling with FCCP after making initial measurements the JC-1 polarization ratios always returned within error to the levels obtained from administering dye to the neurons after uncoupling. Also, experimental results were duplicated using the dye tetramethylrhodamine, ethyl ester (TMRE), though TMRE provided less reproducibility from sample to sample and week to week. In addition, in the case of dyhydrorhodamine 123 (Dhr123), the accumulation of dye in mitochondria is dependent upon the potential of the mitochondria. Although this can sometimes skew the results, as we obtained the lowest levels of fluorescence with the highest levels of polarization, this does not seem to be an issue in this study. Also as all time courses showed an increase in fluorescence over time, quenching did not appear to be a significant contributor to the results.

It is notable that Mg Green fluorescence was increased upon treatment with Tat and Nef in both atmospheric and 2% cultures though ATP levels only dropped significantly in the case of the 2% cultures. This indicates that there is another source of free Mg resulting from treatment with Tat and Nef that is separate from decreased ATP levels and common to both the culture conditions, correlating with the increased ROS observed in all cultures treated with Tat and Nef.

The road from discovery to application can be extraordinarily complicated in the case of disease and treatment. Things learned in cultured cells have to be confirmed in animal models. Treatments of disease must be translated from the laboratory to the clinic. There are many opportunities along this road for things to break down. In order to minimize the disruptions and failures in attempts to bring successful treatments to the clinic, it is important that the model systems are able to accurately represent the disease state, so that the mechanisms of disease discovered in these models are representative of the natural disease state. Our results show that use of the appropriate oxygen condition reveals not only small effects noted in the atmospheric condition as in the case of Nef, but also that vastly different results can occur as was apparent in the treatment of neurons with Tat. The vastly different mitochondrial response of cultured neurons to Tat could be extremely misleading in the understanding of the process of Tat toxicity, a perfect example of a complication that could limit the translation of knowledge from tissue culture to *in vivo* cases.

The fact that there are differences in not only the responses of cultured neurons to HIV-associated proteins, but in the natural states of the neurons depending on culture oxygen levels may not be immediately obvious. However, it is important to remember that oxygen, although necessary to neuron survival, is inherently toxic. Furthermore neurons, like most other cells, have the ability to adapt to their environment for survival in culture. Hence, cells cultured in atmospheric oxygen may well be expected to have increased capacity to reduce ROS via increased protein levels of glutathione, superoxide dismutase and other ROS scavengers. The ratios of the different metabolic proteins and their corresponding subunits may also differ in order to regulate energy production under varying oxygen levels. Further experiments are necessary to determine whether this does indeed occur and what relevance it might have to the responses of neurons not only to HIV-associated proteins but also other neuropathic processes.

Materials and Methods
=====================

Neuron harvest and tissue culture
---------------------------------

Primary neurons were isolated from rat striatum from E18 embryos (Brain Bits, Springfield, IL, USA) by trituration and centrifugation according to the suggested protocol. Cells were counted and plated in 35 mm, poly\--lysine-coated dishes (MatTek, Ashland, MA, USA) with No. 1.5 coverslip buttoms at 5 × 10^5^ cells per dish for imaging or in poly\--lysine-coated 6-well plates at 2 × 10^5^ cells per well for western blots. Cells were cultured in Neurobasal MEM supplemented with B-27 and -glutamate. Our initial studies examined a range of oxygen conditions that are generally considered physiological. After evaluating mitochondrial morphology and function in neurons cultured at atmospheric, 9, 5 and 2% oxygen, we determined that 9% oxygen was not significantly different than the atmospheric condition and all of our data here focuses on atmospheric, 5 and 2% oxygen conditions. For the atmospheric condition, cells were cultured in a standard tissue culture incubator containing 5% carbon dioxide, whereas for the 2 and 5% oxygen condition neurons were placed in a chamber (Billups-Rothenberg, Del Mar, CA, USA) charged with a gas mixture containing 2% oxygen or 5% oxygen, 5% carbon dioxide and the remainder nitrogen. Oxygen levels in culture were confirmed using an oxygen electrode. Media were half-exchanged after 5 days and then every 3--4 days thereafter until neurons had been in culture for 14 days. Unless otherwise noted materials were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Imaging
-------

Cells were incubated in the appropriate dye and then imaged on a Nikon swept-field confocal microscope using a × 60 oil-immersion (1.45 NA) objective. A live cell imaging chamber (Pathology Devices, Inc., Westminster, MD, USA) was used to maintain appropriate temperature, oxygen and carbon dioxide conditions during imaging (media oxygenation confirmed using an oxygen electrode). For measuring mitochondrial polarization, cells were incubated in 2 nM JC-1 (Invitrogen, Carlsbad, CA, USA) for 20 min. Images were acquired using a 488-nm excitation, and 536/40-nm and 593/40-nm emission filters for the green monomers and red dimers, respectively. To examine the rate of ROS produced in the mitochondria, neurons were incubated in 10 *μ*M Dhr123 (Invitrogen) for 20 min before imaging. The excitation wavelength used was again 488 nm with a 536/40-nm fluorescence emission filter. Images were taken at a rate of 1/min for 10 min before a new region of interest (ROI) was selected. For mitochondrial morphology experiments cells were incubated in 25 nM Mitotracker Red CM-H~2~XRos (Invitrogen) for 20 min. Images were acquired using 568 nm excitation wavelength and a 593/40-nm emission filter was used to collect the resulting fluorescence.

For calcein and PI staining, cells were incubated in 10 *μ*M calcein (Invitrogen) with 10 *μ*M PI (Invitrogen) for 30 min. Cells were imaged on a Zeiss Cell Observer microscope (Carl Zeiss, Thornwood, NY, USA) with appropriate filters to determine whether cells exhibited the presence or absence of calcein and PI staining.

Image analysis
--------------

To determine membrane polarization, the ratio of red to green fluorescence of JC-1 images was calculated using NIH Image J. The outline of individual cells was circled using the freehand tool to create ROIs and saved in the multimeasure tool. The average intensity of the same ROIs was analyzed in both the red and green channels. Then the ratio was obtained for each region and the average of the ratio was obtained over all ROIs for all images. Polarization images were obtained by dividing the red image by the green image and by selecting a 16-color lookup table.

To calculate the rate of ROS production in neurons cultured under various conditions, Dhr123 time series were analyzed in Image J. As previously described, ROIs were selected and then propagated through the stack using the multimeasure tool. Average fluorescence values were normalized to the first image ROI. Then all normalized values were averaged at each time point. These average values were plotted and then analyzed with a linear fit to determine the slope. The slope was used to represent the rate of ROS production, and the uncertainty in the slope represented the standard error for the measurement.

In order to investigate changes in mitochondrial morphology, Image J was used to analyze the Mitotracker red images. The mitochondrial morphology tool was used to select ROIs and determine the various parameters used for comparison.

For live/dead assays using calcein/PI staining, images were taken, and the number of green and red cells were counted and totaled over all images taken for the experimental condition. The percent of dying cells was determined using the formula: %death=(*N*~red~/*N*~green~) × 100%.

All statistical analysis was performed using *t*-tests. All statistical analysis and linear fits were completed using Prism software (GraphPad Software, San Diego, CA, USA).

HIV-associated protein treatments and assays
--------------------------------------------

HIV Tat protein (NIH AIDS Research and Reference Reagent Program, Germantown, MD, USA) was reconstituted in nitrogen gas-deoxygenated water and then diluted in modified Neurobasal medium to obtain a final concentrations of 25, 50, 75 and 100 ng/ml. HIV Nef protein (NIH AIDS Research and Reference Reagent Program) solutions were prepared in the same manner and diluted in media to final concentrations of 25, 50, 75 and 100 ng/ml. For imaging studies of mitochondrial potential, structure and ROS production, neurons were incubated in 100 ng/ml Tat or 100 ng/ml Nef for 1 h before the beginning of imaging. For toxicity curves, neurons were incubated with Neurobasal media containing Tat or Nef for 72 h. Nef that had been heat inactivated at 100 °C overnight was used as a negative control in all Nef experiments and deoxygenated water alone was used as a control in the experiments involving Tat.

Luciferase assay
----------------

Cells were treated for 24 h with Tat, Nef, or the heat-inactivated controls. They were lifted, centrifuged at 7000 r.p.m. and flash frozen before storing at −80°C. After thawing, samples were treated and analyzed according to provided protocols for the ATP Determination Kit (Invitrogen).

Fixation for electron microscopy
--------------------------------

Neurons were cultured for 14 days according to the conditions above. Media were removed and coverslips were washed three times with PBS before fixation in 3% paraformaldehyde, 1.5% glutaraldehyde, 0.1 M sodium cacodylate buffer at a pH of 7.4, and post fixed in 1% osmium tetraoxide in 0.10 M sodium cacodylate buffer for 30 min. Afterwards coverslips were dehydrated through an ethanol series and embedded using araldite and polymerized overnight at 65°C before sectioning. Thin sections were stained with uranyl acetate and Reynold\'s lead citrate before examination on a FEI Tecnai G2 transmission electron microscope operated at 80 kV.
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![JC-1 polarization ratio images for uncoupled neurons (**a**) neurons cultured in atmospheric oxygen (**b**), 5% oxygen (**c**) or 2% oxygen (**d**) Images were obtained by dividing the red JC-1 fluorescence image by the green JC-1 fluorescence image and using a 16-color lookup table. The black indicates a ratio value of 0 (background) while the white represents the maximum polarization. Scale bar indicates 10 *μ*m](cddis2011128f1){#fig1}

![Quantification of effects of culture oxygen on mitochondrial polarization (**a**) as given by the JC-1 polarization ratio and reactive oxygen species production (**b**) indicated by the rate of Dhr123 fluorescence increase. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01 and ^\*\*\*^*P*\<0.001 for *N*=3 biological replicates](cddis2011128f2){#fig2}

![Images of neurons labeled with Mitotracker Red that have been cultured in atmospheric (**a**) 5% oxygen (**b**) and 2% oxygen (**c**) as well as quantification of mitochondrial morphology including network size (**d**), area fraction (**e**) and perimeter (**f**) determined from all Mitotracker Red images. ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01 for *N*=3 biological replicates](cddis2011128f3){#fig3}

![Transmission electron microscopy images of mitochondria in neurons cultured in atmospheric, 5% and 2% oxygen. Scale bars indicate 100 nm](cddis2011128f4){#fig4}

![Quantification of effects of Tat on mitochondrial polarization (**a**) as given by the JC-1 polarization ratio and reactive oxygen species production (**b**) indicated by the rate of Dhr123 fluorescence increase. ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01 for *N*=3 biological replicates](cddis2011128f5){#fig5}

![JC-1 polarization ratio images for neurons cultured in atmospheric oxygen (**a** and **b**) or 2% oxygen (**c** and **d**) following treatment with Nef (**b** and **d**) or heat-inactivated Nef (**a** and **c**). Images were obtained by dividing the red JC-1 fluorescence image by the green JC-1 fluorescence image and using a 16-color lookup table. The black indicates a ratio value of 0 (background) while the white represents the maximum polarization. Scale bar indicates 10 *μ*m](cddis2011128f6){#fig6}

![Quantification of effects of Nef on mitochondrial polarization (**a**) as given by the JC1 polarization ratio and reactive oxygen species production (**b**) indicated by the rate of Dhr123 fluorescence increase. ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01 and ^\*\*\*^*P*\<0.001 for *N*=3 biological replicates](cddis2011128f7){#fig7}

![Changes in ATP following Tat or Nef treatment were assessed in two different ways: using magnesium green to measure the changes in free magnesium concentration (**a**) that can indicate changes in the ADP/ATP ratio, and the luciferase assay (**b**) that directly measures the amount of ATP present in a sample. ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01 for *N*=3 biological replicates](cddis2011128f8){#fig8}

![Comparison of the percent of cell death indicated by Calcein and PI staining of neurons cultured with atmospheric oxygen (**a**) or 2% oxygen (**b**) when treated with Tat, Nef or heat-inactivated Nef. ^\*^*P*\<0.05 and ^\*\*^*P*\<0.01 and ^\*\*\*^*P*\<0.0001 for a minimum of *N*=3 biological replicates](cddis2011128f9){#fig9}

![Diagram of proposed mechanism of Nef toxicity for neurons cultured in atmospheric oxygen as well as physiological (2%) oxygen indicating the pathway to repair the oxidatively damaged proteins or neuronal death, respectively, beginning with alterations in the native mitochondrial structure, function and protein content](cddis2011128f10){#fig10}
